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FOREWORD 
 
The papers included in this Part 2 of the Anthology report on the development of standards concerned 
with surges in low-voltage AC power, bringing “reality checks” based on field performance of surge-
protective devices, which in some cases raise questions on the validity of the requirements promulgated 
in these standards, or in other cases confirm the validity of these standards.  The pre-1985 papers were 
copyrighted by the respective publishers who graciously gave permission for reprinting.  The post-1985 
papers were published under the auspices of the National Institute of Standards and Technology and are 
therefore in the public domain.  The citations of Annex A of Part 2 were collected for the working group 
that developed the IEEE SPD Trilogy (C62.41.1 TM –2002;  C62.41.2 TM –2002;  and C62.45TM-2002) – but 
do not purport to be an exhaustive listing.  Although acknowledged and appreciated, for obvious copyright 
limitations, these 12 papers from other researchers cannot be reprinted here.   
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Significance:
Part 1 Development of standards – Reality checks
Part 6 Textbooks and tutorial reviews

One of the first papers addressing the issues of surge protection in low-voltage AC power circuits, making a
proposal for a departure from the traditional unidirectional and separate 1.2/50 and 8/20 waveforms, on the basis 
of the results of monitoring the occurrence of surges in these circuits.  Nevertheless, the concept is emphasized that
surge test waveforms should not attempt to duplicate the environment, but only to apply “representative” waveforms
and levels that will demonstrate the equipment withstand capability.

The proposal also included the concept of establishing first a level of surges that will not be exceeded, thanks to 
the application of appropriate SPDs, and only then designing equipment that will withstand level higher than the
allowable level of surges.  This was nothing new, having been applied successfully in the high-voltage utility
environment.  However, the proposal was new for the low-voltage community.  

Unfortunately, the fait accompli of equipment being designed and placed on the market without such coordination
prevented application of that proposal.  Thus, industry is left with the situation where equipment failures under
surge conditions can occur, after which remedies must be found as retrofits.

In 1976, the following statement appeared in the paper and should be kept in mind when questions arise on the
selection of “representative waveforms” in IEEE Std C62.41.2:

These BIL amplitudes, while assigned somewhat arbitrarily, were (and are) kept in touch with reality
by the fact that equipment designed in accordance with standards do not fail when exposed to surges
produced by lightning, in contrast to equipment designed prior to the development of the philosophy
of insulation coordination and the establishment of standard BILs.
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ABSTRACT

Failure and circuit upset of electronic equipment
due to transients is a problem now and is one which
has promise of becoming more of a problem in the
future as trends continue toward miniaturization and
circuit complexity. Protection methods are used more
or less extensively and often haphazardly.

At present, there does not appear to be a clear approach
toward achieving compatibility between the transient with-
stand capability of devices and the transients to which such
devices are exposed. A more scientific approach is needed to
guide manufacturers and users of equipment.

The purpose of this paper is to promote a concept
of transient coordination for electronic and other low-
voltage equipment through the establishment of a sys-
tem of Transient Control Levels, similar to the con-
cept of Basic Insulation Levels so successfully used
for many.years in the electric power industry. Specific
suggestions for possible Transient Control Levels and
standard test wave shapes are made, in order to pro-
mote wide discussion as to whether these waveforms
and levels are the best that can be developed toward
good transient coordination for the electronic industry.

INTRODUCTION

Failure and circuit upset of electronic equipment due to
transients is a problem now and is one which has promise of
becoming more of a problem in the future as trends continue
toward miniaturization and circuit complexity. At present,
there does not appear to be a clear approach toward achiev-
ing compatibility between the transient withstand capability
of devices and the transients to which such devices are
exposed. This situation appears somewhat as illustrated
on Figure 1. A similar situation prevailed many years ago in
the electric power industry. Transients produced by light-
ning frequently caused failure of such vital and expensive
power equipment as transformers and generators. Those
transient problems were solved by engineering design
guided by the concept of insulation coordination and the
establishment of a series of Basic Insulation Levels (BIL’s).

Paper F 75 466-3, recommended and approved by the IEEE Surge
Protective Devices Committee of the IEEE Power Engineering Society for
presentation at IEEE PES Summer Meeting, San Francisco, Calif., July
20-25, 1975. Manuscript submitted February 3, 1975; made available for
printing April 28, 1975.

IEEE Transactions on Power Apparatus and Systems, Vol. PAS-95, no. 1, January/February 1976

TRANSIENT CONTROL LEVELS
A Proposal for Insulation Coordination in Low-Voltage Systems

F. A. Fisher F. D. Martzloff
General Electric Company General Electric Company

Pittsfield, Mass. Schenectady, N.Y.

The purpose of this paper is to promote a concept of
transient coordination for electronic and other low-voltage
equipment through the establishment of a system of Tran-
sient Control Levels (TCL’s), similar to the concept of
BIL’s so successfully used for many years in the electric
power industry. In the following sections, specific sugges-
tions for possible standard Transient Control Levels and
standard test wave shapes will be made. While the wave-
forms here suggested are chosen somewhat arbitrarily, they
are well grounded in physical reality. The purpose of mak-
ing such suggestions is to promote wide discussion as to
whether these waveforms and levels are the best that can be
developed, or if indeed the establishment of such standards
is the best way to promote good transient coordination for
the electronics industry. The ultimate purpose of any system
of transient coordination would be to achieve greater
product reliability at minimum cost to the user.

AN EXAMPLE OF THE PROBLEM

TCL concepts would be of benefit to all users of
electronic and other low voltage equipment, such as
railroad, telephone, power, oil industry, aircraft,
and high frequency communications. The source of
transients to which equipment is exposed may be either
external (lightning and power system switching) or in-
ternal (switching of inductive loads, contactor restrikes
or cross talk from adjacent circuits). While the con-
cept of TCL’s is intended to apply to the full spec-
trum of frequencies and voltages (DC, 120 V, 60 Hz
AC, 400 Hz) the problem of transient coordination will

Fig. 1. The present situation.
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here be illustrated by discussion of 120 volt AC systems
intended for consumer and residential use. During the intro-
duction of electronic equipment into consumer appliances
and other residential use, the importance of transient coordi-
nation was not always sufficiently recognized. In some
cases, excessive failure rates occurred as a result of tran-
sients having amplitudes greater than the withstand level of
the equipment.

In residential circuits, transients can occur from two main
sources: internally, from the switching of appliances, and
externally, most typically from the effects of lightning. One
study of internally generated transients1 has indicated that in
about three percent of U.S. households transients greater
than 1200 volts occur one or more times per week. Several
studies have been made of externally generated transients.
One such study2 indicates two percent of recorded transients
exceed 1500 volts. The data also indicate that at the location
studied, approximately two surges per year would exceed
1000 volts. Field experience1 indicated that a 100:1 drop
occurred in the failure rate of clock motors when the with-
stand level was increased from 2000 to 6000 volts. These
data indicate that the exposure rate to surges of 2000-volt
amplitude was sufficient to be of concern, but that surges
exceeding 6000 volts were quite rare, at least on a national
basis. Another study3 showed that during two weeks of
monitoring in a lightning-prone area, several surges exceed-
ing 2000 volts were recorded, with the maximum recorded
being 5600 volts. Experience with field trials of Ground
Fault Circuit Interrupters sponsored by NEMA and the
Underwriters’ Laboratory4, when correlated with the known
nuisance trip level of the devices and the observed number
of trips5, would indicate an occurrence frequency of perhaps
one surge per 7 years above 2000 volts per household.

Most residential wiring systems are constructed in such a
manner that the various wiring boxes will flash over if they
are exposed to surges greater than 5 to 10 kV. This means
that the amplitude distribution will be chopped at 5 to 10 kV.

Based on these admittedly scattered and tentative
numbers, it appears that the typical residential circuit will be
exposed to surges of magnitude and frequency of occurrence
as illustrated in Figure 2.

The magnitude of the transients produced on 120
volt power lines, however, is not of importance ex-
cept as it relates to the vulnerability level of the equip-
ment connected to such lines. “Vulnerability” is defined
here as the level that causes an irreversible and un-
desirable change (usually failure) in a device. A
corollary term is susceptibility, or that level which
causes temporary malfunction of the device. The
susceptibility level cannot, by definition, be higher
than the vulnerability level. Rectifier diodes and
similar semiconductors do not have any particular
susceptibility level; they either fail or do not fail when
exposed to transients. Active semiconductor devices
or a control system operated by a mini-computer
system might be a different story. It is quite possible

Fig. 2. Exposure of residential circuits to surge (Number of surges vs
highest surge at any one location)

that transients of a low level interfere with the opera-
tion of the mini-computer, causing it to give incorrect
results without causing permanent physical damage.
The vulnerability level of such a mini-computer will
be higher than the susceptibility level. Both levels
must be higher than the normal operating level of the
computer logic elements or input/output terminals.

The transient breakdown level or vulnerability of semi-
conductors is not presently a part of any industry accepted
rating system. The vulnerability level is furthermore not
inherently related to the normal operating voltage or peak
inverse voltage (PIV) level. As examples, consider the data
of Table I. During this investigation, power diodes were
subjected to unidirectional transient voltages cresting in a
few microseconds. The voltages at which failure occurred
are seen to have little correlation to the nominal PIV rating.

Similar data have been accumulated for many semi-
conductors, particularly when semiconductors are
exposed to very short transients, characteristic of
those produced by nuclear weapons (NEMP). Such in-
formation has not been widely reported.

TABLE I
Transient Vulnerability Levels

Typical 1A Silicon Diodes

Diode PIV Failure Level Under
Number Rating Reverse Impulse*

Volts Volts

1 200 1100 – 1500
2 400 1400 – 1500
3 600 1400 – 1600

*Breakdown observed when exposed to a unidirectional surge rising
at 1000 volts per microsecond.
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Clearly, surges occur with amplitudes greater than the
vulnerability of the indicated semiconductors. The
frequency of occurrence of such damaging surges,
while small on an individual basis, may be unac-
ceptably high on a product line. The transient ampli-
tudes, of course, could be reduced by the use of suit-
able protective devices. Likewise, the vulnerability
levels of the diodes to transients could be raised. Some
questions now present themselves, all having to do with
the question of who should assume what part of the job
of providing transient coordination.

a) Should it be the responsibility of the user to control
transients to levels that do not damage equipment
supplied by vendors?

b) Should it be the responsibility of the manufacturer to
provide equipment that will not be damaged by the
naturally occurring transients?

c) If it is the responsibility of the user to control tran-
sients, to what level should he control them — the
published operating levels (in this case the published
PIV levels) or some other level higher than the
operating level but below the vulnerability level?

d) If it is the responsibility of the vendor to provide
surge-proof equipment, what level of transient
voltage and transient energy must he anticipate?

Similar questions can be asked for all product lines:
consumer, industrial, and military, and at all levels of
operating voltage.

INSULATION COORDINATION
IN THE ELECTRIC POWER INDUSIRY

Similar questions occurred many years ago during the
development of the electric power industry at a time when
the art of designing equipment to withstand the effects of
lightning was in its infancy. The nature of the transients, the
level of insulation to be used, or what should be expected of
the designers of transmission lines and lightning arresters
was not clear.

Those transient problems have largely been eliminated
today by proper engineering design on a system-wide basis.
The evolution of insulation coordination in the electric
power industry, while it can be only very briefly described
here, may be of benefit to the electronic industry.

First, the type of transients produced by lightning on
transmission lines, their magnitude and wave shape were
measured. This was not easy in the days of cold-cathode
oscilloscopes employing 50 kV accelerating voltages. Even
today with vastly improved instrumentation, such investiga-
tions are expensive and time-consuming to make.6 Yet, on
the basis of very limited testdata, a standard voltage test
wave was derived, the familiar 1.5 � 40 �s wave. Similar
investigations in other countries led to the establishment in
Europe of the 1 � 50 �s impulse wave. International
standardizing activities have now produced the 1.2 � 50 �s
impulse wave, a test wave used throughout the world for

coordination of insulation protection. It was never pre-
tended, however, that naturally occurring surges were of this
type, only that the rise and fall times of the natural surges
were in the vicinity of the above values.

The next stage in the process of insulation coordination
was the establishment of a series of standard test and design
levels, BIL’s. For example, equipment designed for opera-
tion on 115-kV systems was assigned a BIL of 550 kV. The
designer of equipment to be used on 115 kV systems then
was required to provide an insulation structure that would
withstand 550 kV. The level of 550 kV was derived on the
premise that existing lightning arresters could be used to
control the transients applied to that apparatus to less than
550 kV. The proper design of the insulation system was next
demonstrated by subjecting the apparatus in the laboratory
to a surge of 1.5 � 40 �s wave shape and a peak amplitude
of 550 kV . Frequently it was part of the purchase agreement
that the equipment had to successfully pass the laboratory
test. If the equipment failed, it had to be rebuilt or re-
designed. Conversely, it became the responsibility of the
user to insure that no surge greater than 550 kV was ever
applied to the apparatus.

As a result, power equipment achieves its resistance to
lightning-induced transients not so much by being designed
to the threat that might be posed by lightning, but by the
threat that will be posed by an acceptance test. This accep-
tance test does not subject the equipment to transients hav-
ing the complex wave shapes produced by lightning, but
instead to transients having elementary wave shapes that can
be produced by basically simple test apparatus. Neither does
the acceptance test subject the equipment to transients of the
amplitude produced by lightning. However, it subjects the
equipment to transients of amplitude consistent with the
capabilities of existing surge-protective devices.

These amplitudes, the BIL’s while assigned somewhat
arbitrarily, were (and are) kept in touch with reality by the
fact that equipment designed in accordance with standards
does not fail when exposed to surges produced by lightning,
in contrast to equipment designed prior to the development
of the philosophy of insulation coordination and the estab-
lishment of standard BIL’s.

The test and design levels, the BIL’s, are not necessarily
fixed. As better protective devices are developed, the levels
may be lowered so that reliable equipment can be built at
lower cost.

Electronic and control equipment, on the other hand, is all
too often designed, built, and delivered before the existence
of a transient threat is recognized. If transients turn out to
endanger the equipment, there may be no adequate surge
protective devices. There may, in fact, not be any satisfac-
tory answer to the problem posed by transients.

THE TRANSIENT CONTROL LEVEL CONCEPT

One way in which transient compatibility might be
achieved in the electronics industry is to establish a
transient coordination system similar in concept to the BIL
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system, but of a nature more adapted to the requirements of
electronic and control equipment.

In this paper, such a concept is called the Transient
Control Level (TCL)* concept. Specifically, it is hereby
proposed:

a) That there be defined for electronic equipment (and
other low-voltage equipment) a standard transient
voltage similar in concept to, but different in wave
shape from the 1.2 � 50 �s wave used in coordina-
tion of insulation in high-voltage power apparatus.

b) That there be defined for electronic (and other low-
voltage) equipment a series of TCL’s similar in
concept to the BIL’s.

c) That a start be made on assigning one of these
standard levels to individual electronic components
and electronic devices.

d) That individual protective devices be rated in terms
of their ability to control transients to levels no
greater than, and preferably lower than, one of the
above levels.

e) That equipment and procedures be developed by
which equipment may be tested by vendors to
determine which TCL is appropriate to assign to
individual components and equipment.

f) That TCL’s begin to be used in purchase specifica-
tions.

g) That such equipment and procedures be used by
purchasers to evaluate vendor-supplied equipment to
determine its compliance with such purchase
specifications.

h) That such TCL’s begin to appear in regulatory
specifications for consumer apparatus in which the
consumers cannot make the appropriate tests or
prepare appropriate specifications.

Suggested TCL Voltage Wave Shape

The wave shape suggested for the TCL concept (with the
understanding that discussion and presentation of alterna-
tives is actively encouraged) is shown on Figure 3. Shown
are both proposed open-circuit voltage and short-circuit
current waveforms, since the question of the impedance of
the source from which voltage surges derive must ultimately
be considered. These shapes are different from the long-
established 1.2 � 50 �s wave employed in the BIL rating
system for electric power apparatus because none of the
recorded transients exhibited this type of wave shape on
120-volt AC circuits. The type of transient most frequently
recorded appeared of an oscillatory nature, very strongly
damped, and in a frequency range between 100 and
500 kHz.

Independent work on the resonant frequency of
power systems previously indicated a range of 150 to
500 kHz as being the natural frequency of typical resi-
denial sytems.7 Other investigations indicate that a

lower limit of 5 kHz might be more typical.8 Thus, it appears
that the observed transients are not at all typical of lightning
surges propagated directly into the system but are rather the
response of the power system to an initial excitation caused
by a nearby lightning stroke. The internally generated tran-
sients due to switching operations typically are of the same
basic type as those produced by the indirect effects of light-
ning. The observed transients are in each case more nearly
the result of the natural oscillatory response of the local
wiring system, in this case the wiring system of typical
residences. Similar surge wave shapes have been encoun-
tered in a wide variety of other systems, ranging from air-
planes to space booster rockets.9, 10 Typical examples of
recorded transient wave shapes are given in the Appendix.
The great bulk of the recorded transients exhibit a faster
front time and shorter decay time than do the transients
produced by lightning on high-voltage power lines, the
1.2 � 50 �s type of wave.

Switching transients in air break contacts (internally
generated transients) can produce rise times in the order of
10 to 100 ns. Although this steepness attenuates rapidly with
distance, the typical front time is still less than 1.2 �s. For
some types of devices (rectifier diodes) the wave shape is of
secondary importance, with only the peak magnitude being
important. For other types of apparatus (inductive devices
such as motors), the front time, or more correctly the rate of
change, is of importance equal to that of the peak magnitude.
In still other types of devices (surge protective devices), the
total energy content of the surge is of most importance.

Current Wave Shapes and Source Impedances

The characteristics of short-circuit current wave shapes
are less well known than those of open-circuit voltage. The
short-circuit current is of importance both for evaluation of
surge protective devices and for equipment of low input
impedance such as lower voltage semiconductor devices. In
any discussion of test wave shapes and test levels, it is
important to recognize the natural response of the device in
the test. It is inappropriate to prepare a specification that
implies that a specified voltage must be developed across a
device of low input impedance, such as a spark gap after it
has broken down, or to seemingly require that a specified
short-circuit current be produced through a high input
impedance, such as the line-to-ground insulation of a relay
coil. The characteristics of short-circuit currents are poorly
defined because the impedance of the circuits from which
transients are produced is poorly defined or unknown.

For purposes of discussion, it is suggested that
two different types of impedance be considered, one
independent of frequency (resistive source impedance
or classical surge impedance, Z = �L/C), and one of
simple inductive source impedance. The waveform
shown on Figure 3b assumes a source impedance of

* The TCL concept was first proposed by one of the authors (F. A. Fisher)
in regard to electronic equipment on the Space Shuttle.12
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Fig. 3. Proposed TCL wave shapes.

10 �H. Again, for purposes of discussion, it is proposed that
a resistive source have an impedance of 50 ohms, and an
inductive source have an impedance of 10 mH.

Voltage and Current Levels

Central to the success of the BIL system of insulation
coordination is the fact that only a limited number of BIL’s
were established, arranged in a generally geometric order of
progression. For purposes of discussion, we therefore pro-
pose that there be established a series of TCL’s progressing
in the approximate ratio of 3�10 or 3 values per decade.
Such possible TCL’s, as rounded to convenient voltages,
then appear as shown on Table II.

The subject of source impedance and short-circuit current
needs to be further discussed since the concept of constant
surge impedance, and particularly constant inductive surge
impedance, may not be valid. Transients of high voltage and
large energy content tend to be produced by physically large
systems, whose inductance tends to be larger than that of the
systems producing lower voltage or lower energy transients.

Proof Test Techniques

The generation of surge voltages in the laboratory is well
known to manufacturers and users of high power equipment.
However, producing a test wave of the shape and levels
proposed here may present some difftculty for the small
equipment manufacturer. To answer this need, a previously
developed circuit11, as shown in Figure 4, may be applicable.

Fig. 4. Test circuit for applying spikes on 120-volt. AC lines.

The objective of this design was to super-impose on a
120-volt, 60-Hz power line a transient having a rise time to
first peak of 0. 5 uus, followed by a damped ringing at
100 kHz in which each successive peak is 60% of the
preceding peak amplitude. The amplitude of the first peak is
adjustable f r o m 0 to 8000 volts. The source impedance for
the high-voltage transient is 50 ohms.

The 0.5 �s rise characteristic is obtained by the series
resonance of L1 and the capacitance of C1 and C2 in
series. Component values were selected to make �L/C
approximately 50 ohms, and R1 was selected to provide
heavy damping for a smooth transition to the following
wave.

The 100 kHz damped ring results from the parallel
resonance of L2 with the parallel capacitance of C1 plus C2.
Again, �L/C is about 50 ohms. The series damping resistor
R2 was selected to produce the decay to 60% amplitude
between successive peaks.

CONCLUSIONS

1. The present lack of transient coordination methods in
low-voltage systems does not allow the user of electronic
equipment to obtain the best reliability at lowest cost.

2. Manufacturers, vendors, and users could bene-
fit from a systematic approach to transient coordina-
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tion similar in concept to the BIL used for many years
in high-voltage systems. This is illustrated in Figure 5.

3. A concept of Transient Control Level (TCL) is
proposed by the authors. This involves discrete steps of
withstand level and proof tests based on the capability of
available s urge protective devices and reflecting the occur-
rence of surges in the real world.

Fig. 5. Well-coordinated low voltage system.

4. Discussion is earnestly invited on the parameters to
be considered in defining TCL’s such as:

• voltage waveform of the transients
• source impedance of the transients
• current waveform of the transients
• levels to be assigned — current and voltage
• proof-test techniques.

Successful application of the TCL concept will require
careful stud yof these factors, so as to develop a valid
consensus among all interested parties.
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APPENDIX
TYPICAL WAVE SHAPESS

Fig. A1. Transient recorded during starting of a furnaceblower at service Fig. A3. Transient recorded during unidentified disturbance at service box.
box.

Fig. A2. Transient recorded during lightning storm on street pole. Fig. A4. Composite recording of furnace ignition transformer transients
over 24 hours at service box.

Fig. A5. Typical transients recorded during lightning injection tests on
fighter-type aircraft (amplitudes are relative).

Fig. A6. Typical transients recorded during lightning injection tests on
small general aviation aircraft (amplitudes are relative).
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Discussion

S.M. Harvey (Ontario Hydro Research Division, Toronto, Canada): This
paper provides a clear presentation of the case for a transient interference
immunity standard applicable to residential and, presumably, light commercial
electronic equipment. Designing transient or surge withstand compatibility into
low-voltage equipment is not, of course, a new concept. The telephone compa-
nies have been doing it for years. However, the authors have commendably
proposed their Transient Control Level concept in the context of a general and
down to earth philosophy of testing that should encourage informed discussion.

Following the establishment of Basic Insulation Levels, the electric power
industry has not been idle in the area of overvoltage testing of low-voltage
equipment. A number of committees, including the Power System Relaying
Committee of the IEEE Power Engineering Society and Technical Committee
No 41 of the International Electrotechnical Commission have been working for
years on the surge testing of static relays used for transmission line protection.
The Swedish Electrical Commission has prepared a draft proposal for interfer-
ence withstand capability testing of apparatus used in power stations and
industrial installations. These committees have proposed a range of test wave-
forms including the familiar 1.2/50 impulse at peak voltages of 1, 3, and 5 kV,
a moderately damped 1 MHz oscillatory wave at peak voltages of 0.5, 1, and
2.5-3.0 kV, and a high-frequency spark test at 2 - 4 and 4 - 8 kV.

In 1974, Ontario Hydro introduced a uniform transient immunity test speci-
fication for relays and other equipment intended for substation relay or control
buildings. The test waveform is a moderately damped oscillatory transient
whose frequency ’can be specified in the range of 100 kHz to 2 MHz. One of
four test levels, specified in Table I, can be called for. The test is supervised
by our Supply Division and manufacturers are encouraged to supply their own
test equipment. However, it is still frequently necessary for Ontario Hydro to
make its own test generators available.

Table I
Transient Test Levels

Test Peak Amplitude (Volts) Source Impedance (ohms)
A 5000 100-500
B 2500 100-150
C 1000 30-50
D 500 30-50

Note that these levels when specified at I 00 kHz are very similar to tests 6 and
9 in Table II of the present paper. Level B, incidentally, when specified at I
MHz is equivalent to the IEEE Relay Test [1].

Our experience with the tests, although limited, suggests that minor circuit
deficiencies leading to operational upsets are common but that damage is
relatively rare. Probably the marginally greatest value of the tests at this time
lies in their potential for creating an awareness of the transient problem.

A number of questions being considered at this stage of our transient test
program can be rephrased to apply also to the proposals in this paper. Perhaps
the authors could comment on the following:

1. What is the advisability of introducing a new test waveform or test
procedure in addition to those already in circulation?

2. Would it be necessary to shield the test circuit of Fig. 4 or to locate it,
say, 4-6 meters from the equipment under test? In the latter case, should the
voltage and current waveforms be measured at the near end or the far end of
the connecting cable?

3. Can the test circuit of Fig. 4 correctly simulate transient disturbances
that occur when the white wire neutral and the green wire ground are connected
together a quarter wavelength from the device under test?

4. Can a reliable certification procedure, particularly in terms of energy
deliverable to a load, be established for test generators differing in design from
the one shown?

5. Finally, what is the incidence of damage or significant upset to equip-
ment now used in resident at or light commercial environments and does it
justify the introduction of transient testing to this class o apparatus? If applied,
in view of the data contained in Fig. 2 of the paper, what criterion would be
used to select a test level of less than, say 500 volts?

REFERENCES

[1] ANSIC37.9Oa-1974(IEEE Std 472-1974)
Guide for Surge Withstand Capability (SWC) Tests.

Manuscript received August 13, 1975.

E.J. Cohen (U.S. Dept. of Agriculture, Washington, D.C.): We feel the con-
cept expressed in this paper is long overdue in the field of electrical protection
of electronic equipment. Experience within the telephone industry has already
demonstrated that, with present trends to ever smaller equipment, protection
problems can be severely aggravated. The over voltage and current tolerance
of microelectric circuits has decreased to the point where protection should be
major consideration in circuit design.

Added to this increased equipment vulnerability, we have found a
.,communications gap” between the manufacturers of electronic equipment,
and the producers of protection devices. When a protection defect is uncovered,
we frequently encounter disagreements between the equipment and arrester
manufacturers. By establishing “Transient Control Levels,” as proposed by this
paper, much of this “finger pointing” could be eliminated. As both equipment
and arrester manufacturers -should know precisely what the other adequate
protection should be minimized.

It is felt that while the concept expressed here is valid, further consideration
should be given to the levels and waveshapes involved in the tests. As these
parameters may be critical to the workability of this proposal, every effort
should be made to generate realistic values.

Manuscript received August 13, 1975.

Richard F. Hess (Sperry Flight Systems, Phoenix, Arizona): I agree that some
form of action is needed to properly assess and overcome the adverse effects
of power transients on military and commercial equipment. Assuming a con-
sensus is reached concerning the need for transient control and the adoption of
Transient Control Levels (TCL), the following comments are intended to com-
plement the proposal for transient control in low voltage systems.

The voltage specification is based upon measurements which are appropriate
to present and past equipment designs. For the most part these designs use
devices which present a relatively high impedance to a source of transient
energy.

Damage occurs during a power transient when the device breaks down and
high to medium voltages are developed across the device while large to
medium currents are flowing through it. Standard components are not normally
tested under transient conditions, therefore it may be difficult to determine
whether they would break down or to assign a confidence level that they would
survive such a transient. When a device breaks down, either a voltage or a
current viewpoint could be assumed when describing the threat of the power
transient to the device.

If in order to conform to a specified TCL a device has been designed to
withstand a specified voltage level, then the voltage specification is appropri-
ate. However, a manufacturer designing equipment to meet a specific TCL
could adopt an approach which calls for the use of transient power suppression
devices (tranzorbs, metal oxide varistors, etc). In this case, transient power
surges are manifested as large current surges into equipment (through the
protection device) rather than a large voltage transient across the equipment.
Even when passing large currents, the network impedances (suppression
devices, etc.) will probably be significant enough to produce a natural mode
current response within the total network. Thus, current measurement of such
a network would contain a significant oscillatory component similar to that
present in the voltage measurements.

Two types of TCL specifications should be provided:
1. Voltage
2. Current
Like the voltage specification, the waveform and magnitude of the current

specification at each TCL would be based upon the measurement of the current
response modes of networks containing power suppression devices and excited
by a power transient.

With the two types of specifications, equipment could be designed and tested
to withstand a power transient by safely withstanding specified voltage levels
or by safely passing specified currents levels. The test equipment for, the
voltage specification would be calibrated under open circuit conditions and
would be designed to deliver current (in the event of device breakdown) at a
level at least as large as that specified in the current specification. The test
equipment for the current specification would be calibrated under short
circuit conditions and would be designed to provide voltage (in the event of a
high impedance) at a level at least as large as that specified in the voltage
specification.

Manuscript received August 14, 1975.
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Tests for semiconductor vulnerability (damage) levels using square pulse
waveform are common practice with the military. The damage level of many
discrete components has been determined an recorded. However, the damped
sinusoid pulse is more appropriate to susceptibility testing (transient upset).
Depending upon the type of equipment being tested and the frequency content
of expected transients, it may be desirable to test using more than one wave-
form. lower frequency, high amplitude sinusoid (100 KHz) would be used to
vulnerability testing and a higher frequency sinusoid (500 KHz, 1 MHz or
10 MHz depending upon the bandwidth of the equipment) would be used for
susceptibility testing. At each frequency the equipment shoul be subjected to at
least two pulses:

1. Maximum pulse is positive
2. Maximum pulse is negative
As a final observation, testing and test equipment should be kept a simple as

possible to avoid adding inordinate costs to the equipment ideally, the degree
of confidence obtained by such testing should result in a net reduction in
equipment costs (manufacture plus maintenance).

F.A. Fisher and F. D. Martzloff: We appreciate the response of the discussors
and will attempt to both respond to their questions and expan somewhat on the
protection philosophy we propose. First of all, it should be pointed out that
while this paper was written using household appliances as an example and
presented before a group largely concerned with utility relaying, the problems
of transients pervade the entire field of low voltage electrical and electronic
apparatus, including the communication (telephone) industry. One of the areas
where th authors have seen a great need for better transient compatibility is i
the Aerospace field. Much of the background upon which the TCL concept is
based comes from consideration of the transients induced in aerospace vehicles
by lightning and other energetic discharges. Designers in the Aerospace com-
munity tend not to have had the problem of transients brought as forcibly to
their attention as have the designers of relay devices intended to work in the
harsh electrical environment of a utility substation. With reference to Mr.
Harvey’s first question, we feel that it is advisable to introduce new test
procedures because th specialized test procedures adapted in the electric utility
field may no meet the needs of users in other fields.

Each of the discussors mentions the subject of levels and waveshapes. We
suggested the voltage waveshape of Figure 3 of the pape because measure-
ments have indicated that most transients to which electronic equipment is
exposed are oscillatory in nature and generally of faster front and tail times than
the 1.2 � 50 microsecond test wave common in the electric power industry.
Several other factors influence our choice. One was that the proposed wave is
of long enough duratio that breakdown of semiconductor junctions would not
be greatly influenced by deviations from the specified waveshape. With much
shorter waveshapes, the resistance of semiconductor junctions to burn out
becomes strongly influenced by waveshape. Another is that transients of this
nature can be injected into wires by rather simple transformer-coupled pulse-in-
jection generators, whereas transformer injection of higher frequency oscilla-
tory voltages and currents is more difficult. Transformer injection of transients
has not been discussed in this paper but is sometimes an appropriate means of
evaluating the resistance of a device to circuit upset. Mr. Hess mentions the
need for two types of TCL specifications: voltage and current. We agree. We
have seen instances of groups worrying wastefully about specifications that call
for a specific voltage transient to be developed at the terminals of a device
when that device had properly been fitted with a low-pass filter, a low
impedance suppressor, or transient suppression spark gap Specifications that do
not recognize that one can neither develop a voltage across a short circuit nor
circulate a current through an open circuit are not only incomplete but mis-
chievous and counterproductive.

With reference to more of Mr. Harveys questions, we feel that any test circuit
should be built in a sufficiently well-shielded cabinet so that there is no need
to physically separate the test circuit from any device under test. If a test circuit
must be located away from the device under test and an interconnecting cable
be used, we would think that the generator open-circuit voltage and short-
circuit current should be measured at end of the cable nearest the device under
test.

We do not really know what would be the interaction between a
white wire neutral and a green wire ground if the two were connected
together a quarter wavelength away from the generator. We take refuge
in the observation that transient coordination is more likely to be

Manuscript received October 10 1975.

achieved through the successful passing of even an imperfect test than it is in
the avoidance of all but perfect tests.

We hold no special faith in the virtues of the test circuit shown on Figure 4
of the paper and show it only as one example of various test circuits that might
be produced. We feel that a reliable certification procedure not only can be, but
must be, based on specifications that are not unique to any one test circuit. It
is for this reason that we propose specifications be written in terms of open-cir-
cuit voltage and short-circuit currents; a concept that implies a fixed generator
impedance. Care must be taken that the voltage and current specifications not
be incompatible with the generator impedance. Since the writing of this paper
another paper discussing the impedance of AC wiring circuits has been pub-
lished [1]. Based on this paper, we would now propose that the internal
impedance of a transient generator be 50 ohms paralleled by 50 microhenries.
Figure 1, reproduced from the referenced paper with the permission of the
author, shows how the impedance of the line (“the mains”) can be closely
approximated by the parallel combination of 50 ohms and 50 microhenries.
Levels and waveshapes appropriate to such an impedance might then appear as
shown in Figure 2 and Table 1.

As Messrs. Cohen, Harvey and Hess emphasize, the choice of appropriate
levels is crucial to the successful implementation of a TCL philosophy. While
a TCL of 5000 or 6000 volts might be appropriate to high reliability utility
relays or a safety-oriented consumer product such as the Ground Fault Circuit
Interrupter, it might impose an unnecessary economic hardship on a high
volume item intended for routine household use. Likewise, while a TCL of 500
volts might be too low for residential purposes, it might be appropriate for the
power inputs of electronic equipment used in aircraft, and excessively high for
the signal inputs of data processing equipment intercommunicating through
well-shielded signal wires.

Since of the major purposes of this paper is to promote discussion, it is
appropriate to list some of the questions the authors have posed to themselves
during the formulation of this proposal:

Fig. 1. Comparison of impedance measurements made by the Electrical
Research Association (ERA) on the impedance of power systems with a net-
work of 50 ohm & 50 �H in parallel

Fig. 2. Short-circuit current (ISC) resulting from a transient source with VOC
open-circuit voltage and 50 �/ /50 �H source impedance.
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TABLE 1

Proposed Transient Open-Circuit Short-Circuit
Control Level Voltage Level Current Level

Number (volts) (amperes)

1 10 0.68

2 25 1.7

3 50 3.4

4 100 6.8

5 250 17

6 500 34

7 1000 68

8 2500 170

9 5000 340

— Are there sufficient problems relating to transient coordination to warrant an
effort, likely to be major and long term, to achieve better coordination
between the transients to which equipment is exposed, and the ability of
equipment to withstand such transients?

— Would transient control level (or some other) specifications and standards
help achieve successful transient coordination between equipment manufac-
turers, utilities and equipment users?

— Should there be a limited number of fixed levels? The authors feel that it is
essential that the number of levels be limited, perhaps to 9-15 levels dis-
tributed in a geometric progression over the range 10-5000 volts. The
assignment of the levels may have -to be done arbitrarily. This need not be
cause for alarm. The electronic industry for years has worked successfully
with resistor and capacitor values produced according to an arbitrarily
selected geometric progression.

— Should these levels reflect the system voltage, the expected reliability of the
equipment function, the environment?

— What kind of source impedance is appropriate? As mentioned above, an
impedance of 50 ohms paralleled by 50 microhenries may be appropriate.

— Should open-circuit voltage and impedance be stated or, alternatively,
should open-circuit voltage and short-circuit current be specified?

— Is one impedance value suitable for the majority of the systems?
— What waveshape is appropriate, for voltage as well as current? For damage,

we are mostly concerned with energy and front-ofwave but if upset (interfer-
ence) is to be included in TCL, then do we need to specify a frequency
spectrum?

REFERENCE

[1] “Impedance of the Supply Mains at Radio Frequencies”, J. H. Bull,
Proceeding of 1st Symposium on EMC, Montreux, May 1975.

129



TRANSIENT
CONTROL LEVELS

PHILOSOPHY
AND

IMPLEMENTATION

PART 1: THE
REASONING
BEHIND THE
PHILOSOPHY



Transient Control Levels Philosophy and Implementation

Part 1: The Reasoning behind the philosophy

François Martzloff
General Electric Company

Schenectady NY
f.martzloff@ieee.org

F.A. Fisher
General Electric Company

Pittsfield MA

Reprinted, with permission, from 
Proceedings, 2nd International Symposium on Electromagnetic Compatibility, Montreux, 1977

Significance:
Part 2 Development of standards – Reality checks
Part 5 Monitoring instruments, laboratory measurements and test methods
Part 6 Textbooks and tutorial reviews

Presentation to the EMC community in a European forum of the Transient Control Level concept being proposed in
the US via the IEEE Power Engineering Society (See Fisher and Martzloff in IEEE Transactions PAS 95, 1976).
A companion paper on implementation is reprinted in Parts 5 and 6 (See Fisher and Martzloff in the same forum).

The proposal also included the concept of establishing first a level of surges that will not be exceeded, thanks to 
the application of appropriate SPDs, and only then designing equipment that will withstand level higher than the
allowable level of surges.  This was nothing new, having been applied successfully in the high-voltage utility
environment.  However, the proposal was new for the low-voltage community.  

Unfortunately, the fait accompli of equipment being designed and placed on the market without such coordination
prevented application of that proposal.  Thus, industry is left with the situation where equipment failures under
surge conditions can occur, after which remedies must be found as retrofits.

In 1975, the following statement appeared in the paper and should be kept in mind when questions arise on the
selection of “representative waveforms” in IEEE Std C62.41.2:

These BIL amplitudes, while assigned somewhat arbitrarily, were (and are) kept in touch with reality
by the fact that equipment designed in accordance with standards do not fail when exposed to surges
produced by lightning, in contrast to equipment designed prior to the development of the philosophy
of insulation coordination and the establishment of standard BILs.
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A Guideline on Surge Voltages in AC Power Circuits Rated up to 600 V

François Martzloff
General Electric Company

Schenectady NY
f.martzloff@ieee.org

Reprinted, with permission, from 
Proceedings, 3rd International Symposium on Electromagnetic Compatibility, Rotterdam, 1979 

Significance:
Part 2  Development of standards – Reality checks

Progress report to the European EMC community on the development of what became IEEE Std 587-1980.
Explains the proposition that a Ring Wave should be added to the traditional unidirectional impulses 
NOTE: A parallel paper was presented to the 1979 IEEE PES community at the Summer Power Meeting under the
title “The Development of a Guideline on Surge Voltages in Low-Voltage AC Power Circuits”.
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The Development of a Guideline on Surge Voltages 

in Low-Voltage AC Power Circuits

François Martzloff
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

Reprinted, with permission, from IEEE Paper A 79 428-4, PES Summer Meeting, Vancouver, 1979

Significance:
Part 2  Development of standards – Reality checks

Progress report to the IEEE PES community on the development of what became IEEE Std 587-1980.
Explains the proposition that a Ring Wave should be added to the traditional unidirectional impulses
NOTE Parallel presentation of the subject made to the European EMC community under the title “A Guideline on
Surge Voltages in AC Power circuits rated up to 600 V”
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Varistor versus Environment: Winning the Rematch

François Martzloff, Life Fellow, IEEE
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

© 1986 IEEE
Reprinted, with permission, from IEEE Transactions on Power Systems, Vol.PWRD No.3, April 1986

Significance:

This paper is listed under four categories of the Annotated Bibliography as it bears on the corresponding topics. 
The multiple listing reflects the sections in which this paper is cited as supporting material for IEEE Std C62.41.1
and C62.41.2.   Therefore, it can be found in the following four parts of the Anthology:

Part 2  Development of standard – Reality checks
Provides an example of the need to recognize capacitor switching transients when characterizing the surge
environment

Part 3  Recorded occurrences, surveys and staged tests
Provides an example of monitoring and staged tests motivated by field failure, leading to a better understanding of
the environment in which SPDs were expected to perform.

Part 4  Propagation and coupling of surges
Provides an example of how far (3000 meters) the low-frequency transients generated by capacitor switching can
propagate, unabated, in a path involving two step-down transformers.

Part 7  Mitigation techniques
Provides an example of improved mitigation design based on field experience
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Real, Realistic Ring Waves for Surge Testing

François Martzloff
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

Guiseppe Pellegrini
Italian Electricity Board (ENEL)
Automatica Research Center

Milano, Italy

Reprinted, with permission, from 
Proceedings, 9th International Zürich Symposium on Electromagnetic Compatibility, 1991

Significance:

Part 2  Development of standards - Reality checks
Part 5  Monitoring instruments, laboratory measurements, test methods

Standards for surge testing have a long tradition of using unidirectional waves (“impulses”), in particular a 1.2/50
voltage impulse and an 8/20 current impulse.  Many surveys of surge activity in low-voltage AC power circuits have
shown that a large number of recordings actually show oscillatory surges rather than unidirectional surges.  

This paper provides examples of such waveforms, independently recorded by two organizations, one in the US and
one in Italy.  These examples draw on field measurements as well as laboratory experiments and are offered to
make the case that Ring Waves should be included in the regimen of electromagnetic compatibility tests.
1
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Incompatibility Between the 100/1300 Surge Test

and Varistor Failure Rates

Charles Fenimore and François Martzloff
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

Reprinted, with permission, from 
Proceedings, 9th International Zürich Symposium on Electromagnetic Compatibility, 1991

Significance:
Part 2  Development of standards – Reality checks

Demonstration ad absurdum: 
Accepting the premise of prevalent 100/1300 high-energy surges and modeling the response of typical metal-oxide
varistors leads to the conclusion that most of the billions of varistors in service should fail at alarming rates – but
we know they do not.  Ergo, the premise is not valid.  
(See also paper “VDE 0160" in this Part 2 for an experimental demonstration.)
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Testing Varistors Against the VDE 0160 Standard

François Martzloff, Life Fellow, IEEE
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

Reprinted from Proceedings, Open Forum on Surge Protection Application, NISTIR4654, August 1991

Significance:
Part 2  Development of standard – Reality checks

Demonstration ad absurdum: 
Accepting the premise of prevalent 100/1300 high-energy surges and subjecting typical metal-oxide varistors to the
stress from a test performed with a prototype generator leads to the conclusion that most of the billions of varistors
in service should fail at alarming rates – but we know they do not.  Ergo, the premise is not valid.  
(See also paper “Validating Surge Tests ..." in this Part 2 for a demonstration by numerical modeling.)
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Validating Surge Test Standards by Field Experience:

High-Energy Tests and Varistor Performance

Charles Fenimore, Member, IEEE and François Martzloff, Life Fellow, IEEE
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

© 1992 IEEE
Reprinted, with permission, from

IEEE Transactions on Industry Applications, Vol.28, No.6, November/December 1992

Significance:
Part 2 Development of standards – Reality checks

Demonstration ad absurdum: 
Accepting the premise of proposed IEC 100/1300 high-energy surges being representative of the environment, and
modeling the response of typical metal-oxide varistors, leads to the conclusion that most of the billions of varistors
in service should fail at alarming rates – but we know they do not.  Ergo, the premise is not valid and the proposed
high-energy test should not be considered as an across-the-board requirement.  
(See also paper “MOV - VDE" in this Part 2 for an experimental demonstration.)

On the other hand, the tests proposed in IEEE Std C62.41 would not result in systematic failure of commonly used
varistors and consequently appear more realistic
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Applying Reality Checks

to Standards on the Surge Environment

Arshad Mansoor  Power Electronics Applications Center  Knoxville TN 37932 USA  Amansoor@epri-peac
François Martzloff  National Institute of Standards and Technology  Gaithersburg MD 20899 USA  f.martzloff@ieee.org
Doni Nastasi  Power Electronics Applications Center  Knoxville TN 37932 USA  DNastasi@epri-peac.com

Reprinted with permission from Proceedings, 23rd International Conference on Lightning Protection, Florence, 1996

Significance:
Part 2 Development of Standards – Reality checks

Three examples of reality checks are given that shed some light on issues raised during standards development
! The apparent reduction in surge voltage activity is explained by the proliferation of surge mitigating devices.
! A proposed high-energy surge would cause failure of ubiquitous SPDs, but they do not fail in the field.
! Allegedly frequent high-level surges would cause frequent failure of light bulbs, but they do not in the field
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Using Incandescent Lamp Failure Levels

for Assessment of the Surge Environment
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Doni Nastasi
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Center
Knoxville TN 37932 USA
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Reprinted, with permission, from 
Proceedings, 12th International Zürich Symposium on Electromagnetic Compatibility, 1997

Significance:
Part 2  Development of standards – Reality checks

Investigations were conducted in the US as well as in Austria, on 120-v and 240-V incandescent lamps to determine
the levels of surges that can trigger an internal flashover of the hot filament, resulting in filament burnout. 
Repetitive surge application below the threshold do not result in premature failure of the lamp, but above the
threshold, a single application can trigger a fatal flashover.  By combining measurement of currents and voltage
during the event with high-speed video recording, the mechanism has been clearly determined.

Depending on the characteristics of the surge (waveform, amplitude, and timing with respect with the power-
frequency sinewave), thresholds of failure range between 800 V and 2000 V.  Very few bulbs survive surges above
2200 V.  Therefore, the conclusion is inescapable: if such surges were occurring frequently – according to some
SPD advertizing claims – lamps would fail very promptly.  We know they do not, ergo the alleged frequency of
occurrence is incorrect.
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Developing a Consumer-Oriented Guide on Surge Protection

Thomas Key, EPRI-PEAC, 942 Corridor Park Blvd, Knoxville TN 37932 TKey@epri-peac.com

François Martzloff, National Institute of Standards and Technology, Gaithersburg MD 20899  f.martzloff@ieee.org 

Roger Witt, State Farm Insurance Co., 1 State Farm Plaza, Bloomington IL 61710

Jim May and Stacey Black, Illinois Power Company, 500 South 27th Street, Decatur IL 62525

Reprinted from Proceedings, PQA’97 Conference, 1997

Significance: 

Part 2 Development of Standards – Reality checks

Caught among contradictory stories on the need for surge protection as well as unsupported anecdotes of surge-

related failures, the typical consumer is in a quandary on how to best allocate personal resources to protect the

expensive electronic equipment found in a modem household.

To help provide some answers to this quandary, a team of experts developed and engineering guide on the basics

of surge protection.  One of the recommendations addresses the issue of ineffective configuration of utility

connections that are responsible for surge-induced failures.  This paper served as a progress report, documenting

the status of the project at the end of 1996.  An update on this project was reported under Key et al. 1999, which is

included in Part 6 of this Anthology
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Driving High Surge Currents into Long Cables:

More Begets Less

Arshad Mansoor, Member, IEEE
Power Electronics Applications Center

Knoxville TN 37932 USA
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François Martzloff, Life Fellow, IEEE
National Institute of Standards and Technology

Gaithersburg MD 20899 USA
f.martzloff@ieee.org

© 1996 IEEE
Reprinted, with permission, from IEEE Transactions on Power Delivery, Vol.12, No.3, July 1997

Significance:
Part 2  Development of Standards – Reality checks
Part 4  Coupling and propagation of surges

In the propagation of a surge current injected at the service entrance of a building, two significant factors can
prevent the propagation of a postulated “large” surge current to the end of the branch circuits of the facility.  

1. The combination of the inherent inductance of the wiring and the high rate of current change for such a current
to begin flowing into the branch circuit results in a high voltage at the driving end   (V = L x di / dt).

2. In the absence of a surge=protective device at the service entrance, the withstand voltage of the wiring devices
at the driving end – the service entrance – is very likely to be exceeded by the voltage that this rising current
will develop along the branch circuit. 

The resulting flashover will abort further propagation of the surge current toward the far end, thus establishing a
limit to what is physically possible.  If there is a surge-protective device at the service entrance, the scenario
becomes a matter of cascade coordination.

The paper provides quantitative information on this limitation, as a function of wiring length and current rate of rise.
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The Effect of Neutral Grounding Practices on

Lightning Current Dispersion in a Low-Voltage Installation
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© 1996 IEEE
Reprinted, with permission, from IEEE Transactions on Power Delivery, Vol.12, No.3, July 1997

Significance:
Part 2  Development of standards – Reality checks
Part 4  Propagation and coupling of surges

In the case of a direct lightning stroke to a building, the earth-seeking current is dispersed among all available paths
to earthing electrodes, including intentional made electrodes and opportunistic electrodes.  A substantial part of that
current will exit the building via its connection to the power distribution system.

The configuration of this power distribution system (daisy chain from the transformer or radial from the transformer)
influences the sharing of the current among these possible paths.

From simulations performed with a 10/350 waveform, the paper provides quantitative information on these effects. 
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Significance:
Part 2 Development of standards
Part 7 Mitigation techniques

The application of surge-protective devices (SPDs) in low-voltage AC power circuits, in particular metal-oxide
varistors (MOVs) has been influenced by the perception that low-limiting voltage is a desirable characteristic. 
Unfortunately, this low limiting voltage – intended for surge protection – makes the devices more susceptible to
fail under conditions of extended temporary overvoltage (TOV).

Like any electronic component, SPDs will fail if overstressed beyond reasonable limits, and this is not a cause for
rejecting their application, but a cause for concern on ensuring that the failure mode – rare as it might be – will be
acceptable.  

This acceptability must also take into consideration the effect of the available fault current that the power system
can deliver at the point of connection of the SPD.  This point needs to be more clearly and specifically stated in
emerging standards on SPD applications.
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Significance:
Part 2 Development of standards

Part 5 Mon itoring instruments

Recent projects of mon itoring Power Quality in AC  systems have focused on voltage surges rather than current

surges.  The predictab le results of such monitoring  – low apparent surge voltages – which  in fact only monitors

whatever limiting voltage is allowed  by the proliferating SPDs and PCs, do not reflect the surge activity, now confined

to surge currents flowing into the “attractive” paths of the SPDs and the capacitors included in the switch-mode power

supplies of PCs (and  other electronic appliances).

At standard-writing times, questions have emerged  as to why men tion “large” surges when  monitoring shows only low

voltages.  W ith proper perspective, it becomes apparent that the proliferation of these voltage-limiting, surge-

absorb ing SPD s and PCs are the explanation.  W hile voltage surges might now

no longer be a threat, the possibility of substantial curren t surges is indeed  a threat to equipm ent.
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Significance:

Part 2  Development of Standards – Reality checks
Part 4  Propagation and coupling of surges

Comparison between two simplified modeling studies of the dispersion and a documented case of the complexity of
a direct flash to a residence.

Reservations on the justification of very high stress requirements for SPDs are expressed in a discussion, followed
by a proposal to encourage more information sharing on the subject
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Significance

Part 2 Development of standards – Reality checks
Part 4 Propagation and coupling – Numerical simulations

Most simulations performed to investigate the sharing (dispersion) of lightning current for the case of a
direct flash to a building have focused on the role and stress of surge-protective devices (SPDs) installed
at the service entrance of a building and their involvement in that part of the lightning current that exits
the building wia the the power supply connection to the energy supply.

The numerical simulations performed for this paper, based on a postulated waveform and amplitude
suggested by current standards,  include downstream SPDs, either incorporated in equipment or
provided by the building occupant; the results show that a significant part of the exiting lightning current
can involve those downstream SPDs with some likelihood that their surge withstand capability might be
exceeded.  Such a possibility then raises questions on the validity of the postulated amplitude in the face
of the relatively rare occurence of reported failures.
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Abstract – This paper examines the sharing of 
lightning current associated with a direct flash to a 
building. This sharing involves not just those surge-
protective devices (SPDs) that might be installed at the 
service entrance, but also all SPDs involved in the exit 
path of the lightning current.  Such sharing might 
involve built-in SPDs of some equipment located close 
to the service entrance, but heretofore not included in 
numerical simulations performed by many researchers.  
From the numerical simulations reported in this paper, 
conclusions are offered that may influence the design 
and EMC testing of equipment, as well as the risk 
analysis associated with lightning protection. 

 
I.  BACKGROUND AND RATIONALE  
 
This paper offers additional information to the body of 
knowledge accumulated on how the lightning current of 
a direct flash, injected into the earthing system of a 
building, is shared among the many available paths 
towards intended or opportunistic earthing electrodes. 
 
Recent developments in the International Electro-
technical Commission (IEC) and the Surge-Protective 
Devices (SPD) Committee of the Institute of Electronics 
and Electrical Engineers (IEEE) have focused on the 
role of SPDs connected at the service entrance of a 
building in the case of a direct lightning flash to the 
building.  This scenario is described in IEC 61312-3 
(2000) [9], IEEE PC62.41.1 [12] and PC62.41.2 [13]. 
 
Prior to this new focus, most of the considerations on 
SPD applications were based on the scenario of surges 
impinging upon the service entrance of a building as 
they come from sources external to the building.  The 
new (additional) focus addresses the scenario of the 
earth-seeking lightning current as it is shared among the 
many possible paths to earth, including the deliberate 
and opportunistic exit paths of the building earthing 
system, services other than the power system 
connection and, mostly, the power supply connection.  
 
Quite independently from these lightning protection 
considerations, the IEC Subcommittee SC77B had 
developed a series of documents on the electromagnetic 
compatibility of equipment, IEC 61000-4-5, Surge 
withstand capability [8] in particular.  These documents 
were primarily concerned with immunity against typical 
disturbances, the rare case of a direct lightning flash to a 
building containing electronic equipment not   included.  
 
Increasing recognition of the need to include the 
scenario of a direct flash to a building – rare as it might 
be – has motivated the formation of an IEC Joint Task 

Force TC81/SC77B for the purpose of considering 
surge stresses on equipment higher than those currently 
described in the IEC document 61000-4-5 on immunity 
testing [8]. 
 
The purpose of the paper is to examine in detail the 
sharing of lightning current, not just by the SPDs at the 
service entrance, but also by all SPDs that might be 
involved in the exit path of the lightning current.  Such 
sharing might well involve SPDs incorporated in the 
equipment located close to the service entrance, but not 
always included in the numerical simulations that have 
been performed by many researchers (Altmaier et al., 
1992) [1]; (Standler, 1992) [23]; (Rakotomalala, 1994) 
[20]; (Birkl et al., 1996) [3]; (Mansoor and Martzloff, 
1998) [15]; (Mata et al., 2002) [19].  In its recent 
development of a Guide and a Recommended Practice 
on surges in low-voltage ac power circuits [13] the 
IEEE has refrained from identifying SPDs as being 
those that may be connected at the service entrance.  
Instead, it refers to "SPDs involved in the exit path" 
without reference to their point of installation.   
 
Given the tendency of equipment manufacturers to 
include an SPD at the equipment power input port, the 
issue of "cascade coordination" arises.  Several previous 
papers  (Martzloff, 1980) [17]; (Goedde et al., 1990) 
[5]; (Lai and Martzloff, 1991) [14]; (Standler, 1991) 
[22]; (Hostfet et al., 1992) [7]; (Hasse et al., 1994) [6] 
have explored the concept of cascade coordination 
involving two or more SPDs connected on the same 
power supply but at some distance from each other.   
 
The legitimate wish of the energy service providers to 
specify robust SPDs at the service entrance results in 
SPDs having a relatively high Maximum Continuous 
Operating Voltage (MCOV).  On the other hand, some 
equipment manufacturers tend to select SPDs with a 
low MCOV under the misconception that lower is better 
(Martzloff and Leedy, 1989) [18].  This dichotomy can 
result in a situation where the low-MCOV SPDs 
included in equipment might well become involved in 
the "exit path" and thus become overstressed in the case 
of a direct flash to the building.  This situation is made 
more complicated by the fact that commercial SPDs 
packages are assembled from typical distributors' 
supplies that can have an allowable tolerance band of 
±10% on the voltage-limiting rating. 
 
To explore the possibility and implications of a 
questionable coordination, numerical simulations were 
performed on a simplified model of a building featuring 
SPDs installed at the service entrance and SPDs that 
may be incorporated in equipment connected inside the 
building near the service entrance. 



II.  NUMERICAL SIMULATIONS 
 
II.1  Basic circuit 
 
Figure 1 shows a simplified building power system that 
includes the key elements of this scenario:  the building 
earthing system and all earthing electrodes, with the 
corresponding exit paths via the service-entrance SPDs 
and a built-in SPD provided at the power port of a 
typical item of electronic equipment.  In this example, 
these SPDs are metal-oxide varistors (MOVs) with 
typical voltage ratings (150 V at the service entrance 
and 130 V in the equipment) selected for a 120/240 V 
residential power system.  (The conclusions obtained 
for this type of power system will also be applicable to 
240/400 V systems.)   
 
Numerical analysis of the circuit behavior by EMTP [4] 
allows inclusion of the SPD characteristics as well as 
the significant R and L elements of the wiring, with 
injection of a stroke current of 100 kA 10/350 µs at any 
selected point – the earthing system in this case.  The 
selection of a 100 kA peak is consistent with the 
postulate made in many published simulations, but 
might be questioned on the basis of field experience and 
lightning detection statistics, as will be discussed later 
in this paper. 
 
In Figure 1, the neutral is defined as part of a "multiple-
grounded neutral" system (TN-C-S), with distributed R 
and L elements between its earthing electrode 
connections. The R and L values for the cables used in 
the numerical simulation, but not shown in the figure to 
avoid clutter, were selected to emulate the typical wire 
diameters used in low-voltage power distribution 
systems and building installations. 
 

Previous studies (Birkl et al., 1996) [3]; (Mansoor and 
Martzloff, 1998) [15] have validated the intuitive 
expectation that the tail of the 10/350 µs waveform 
often postulated for simulations will be shared among 
the available paths simply according to the relative 
values of resistance in the paths leading to the earthing 
electrodes.  This fact is apparent in the results of Figure 
2, for example at the 350 µs time: when inductive 
effects have dwindled, the current IH in the 10-Ω 
earthing resistance of the building is ten times smaller 
than the total current exiting the building [IN+IL1+IL2] 
toward the power distribution system in which multiple 
earthing electrodes offer an effective earthing resistance 
of only 1 Ω.  It is also worthy to note that this sharing is 
controlled by the relative values of the resistances, so 
that any earth conductivity differences associated with 
local conditions will wash out. 
 
The combination of the service-entrance 150-V MOV 
on Line 2 and the 130-V MOV incorporated at the 
power port of the equipment constitutes a so-called 
"cascade".  When two such cascaded SPDs are to be 
coordinated, a decoupling impedance must be provided 
between the two SPDs so that the voltage drop caused 
by the current flowing in the decoupling impedance – in 
this example the impedance of the 2,5 mm2 diameter 
wires – and added to the limiting voltage of the 130-V 
MOV, will cause enough of the current to flow through 
the 150-V MOV to reduce stress on the 130-V MOV. 
 
The simulation was performed for three values of the 
impedance (length) of the connection, i.e., 0,1 m, 1 m, 
and 10 m to assess the effect of this impedance for 
practical situations.   Figure 3 shows the results for 
these three cases and Table 1 shows the resulting energy 
deposition in the respective MOVs.

 
 

 
 
 
 

Figure 1   Simplified building schematic with service-entrance SPDs, one built-in equipment SPD, and 
multiple-grounded power distribution system in case of a direct lightning flash to the earthing system 

 



 

0

20

40

60

80

100

120

0 100 200 300 400 500

IN

IH IL1 & IL2

Io (100 kA 10/350)

 
Legend 

IO: 100 kA, 10/350 µs stroke to the building earthing system 
IN: current exiting via the neutral of the power supply 
IL1, IL2: current exiting via the two lines of the power supply 
IH: current into the building earthing electrode(s) 

Vertical scale: current in kA – Horizontal scale: time in µs 
 

Figure 2 – Sharing of the lightning current among 
available paths to earth electrodes 

 
In the traces of Figure 3, the total current in Line 2 (sum 
of the two currents in the two MOVs) remains 
essentially unchanged for the three combinations, but 
the sharing of the current between the two MOVs is 
significantly affected. 
 
Figure 3a, with only 0,1 m of separation, is not a 
practical example of connection of equipment that close 
to the service entrance – except perhaps an electronic 
residual current device incorporated in the service 
panel.  The two other figures, 3b and 3c, show how the 
130-V MOV that took the largest part of the current in 
the case of Figure 3a, now takes on less as separation 
length increases. An interesting situation develops as 
the current flowing in the 10-m line to the 130-V MOV 
stores energy that will cause a stretching of the current 
in the 130-V MOV long after the 150-V MOV current 
has decayed.  This is significant because the total 
energy deposited in the MOVs is the criterion used for 
coordination, even though the current in the 130-V 
MOV could be lower than the current in the 150-V 
MOV.  Table 1 shows how this energy sharing changes 
with the length of the decoupling connection, according 
to the integration of the varistor currents and voltages 
obtained from EMTP. 

 
Table 1 – Sharing energy between MOVs 

for three different connection lengths 
 

Energy deposition (joules) SPD 0,1 m 1 m 10 m 
150-V MOV 620 1090 2470 
130-V MOV 2560 2030 890 

 
These energy levels might be acceptable for a 150-V 
MOV sized for service entrance duty, but the 890-joule 
deposition into the 130-V MOV incorporated in the 
equipment exceeds common-wisdom ratings for such  
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c) 10 m connection 

Legend  

IL2: current exiting via the power supply phase conductor 
IS2: current into the service entrance SPD 
Ie:  current into the equipment SPD 
All vertical scales: current in kA 
All horizontal scales: time in µs 

Figure 3 – Sharing of lightning stroke current 
 
devices.  This finding then raises a question on the 
effectiveness of a cascade for the case of direct flash to 
the building.  In an actual installation, there would be 
more than one piece of equipment, presumably each 
with a 130-V built-in MOV at the power port. One 
might expect that some sharing among these multiple 
SPDs would reduce the energy stress imposed on these 
devices.   



To explore this situation, an additional simulation was 
performed for three branch circuits, respectively 10 m, 
20 m, and 30 m, each of them supplying equipment 
incorporating a built-in 130-V MOV.  Figure 4 shows 
the sharing of current among these three MOVs and the 
150-V service entrance MOV, and Table 2 shows the 
energy deposition. 
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IS2: current into the service entrance SPD 
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Figure 4 – Sharing of current among MOVs 
  
 

Table 2 – Energy sharing among MOVs 

Branch circuit length and energy 

deposition into three 130-V MOVs 

10 m 20 m 30 m 

Service entrance 

150-V MOV 

620 J 370 J 280 J 1930 J 
 
                                   
II.2  Effect of manufacturing tolerances on 
commercial-grade metal-oxide varistors 
 
The simulations discussed so far were performed by 
postulating that both the 150-V MOV and the 130-V 
MOV had their measured voltage limiting at the 
nominal value as specified by typical manufacturer 
specifications.  Such a postulate is of course difficult to 
ensure in the reality of commercial-grade devices.  For 
instance, the nominal voltage-limiting value of MOVs 
rated 130 V rms is 200 V, with lower limit of 184 V and 
upper limit of 220 V.  To check that aspect of the 
problem, an arbitrary lot of 300 devices rated 130 V rms 
was purchased from a distributor and the actual 
measured voltage-limiting value at 1 mA dc was deter-
mined in accordance with IEEE Std 62.33-1994 [11]. 
For this lot, the standard deviation (sigma) was found to 
be 8 V. 
                                                      
On the basis on these measurements and to give an 
indication of the significance of tolerance effects, the 
computations reported for Figure 3c (10 m separation) 
were repeated, still with a 150 V MOV at the service 
entrance, but with varistors at ±1 sigma of the 130 V 
rms rating, that is, 122 V and 138 V rms.  The results 
are shown in Table 3. 

 Table 3   Energy sharing for three values of the 
equipment built-in MOV (10 m separation) 

                                                  
Energy deposited  (J) Equipment 

MOV rating 
(V rms) 

Equipment 
MOV 

150-V service 
entrance MOV 

122 915 2320 
130 890 2890 
138 750 2650 

 
These results illustrate the significance of tolerances in 
a situation where the difference between the two SPDs 
of the cascade is not large, because of the de facto 
situation of low values of MCOV that the industry has 
unfortunately adopted.  Of course, if tolerances were 
also taken into consideration for the service entrance 
MOV, the extremes of distributions for both MOV 
would make an effective coordination between a 
nominal 150-V MOV and a nominal 130-V MOV even 
more problematic. 
 
                                   
II. 3  Nonlinearity of circuit elements 
                                   
Most of the reported simulations, as cited above, have 
been performed with a conservative postulate of a 100 
kA 10/350 lightning discharge.  The median of the 
current peaks compiled in the seminal Berger et al. 
paper [2] is only 20 kA.   Occasional reservations have 
been voiced on the validity of these data collected with 
technology dating back to the 1970’s.  A recent (July 
2000) actual case history was communicated to the 
authors by a colleague for two major lightning storms 
recorded in the area of Tampa in Florida by means of 
the Lightning Detection System [24], during which over 
30 000 flashes were detected in a period of less than 12 
hours, with only one at the 150 kA level, and a median 
of 20 kA, confirming the Berger at al. data.   
 
One could expect that the dispersion of the lightning 
current that results from the combined action of linear 
elements (resistance and inductance) with nonlinear 
components (MOVs) might produce a different sharing 
of the current as the decoupling element is linear but the 
SPDs are nonlinear.  To explore this hypothesis, the 
computations for the case of Figure 4 and Table 2 were 
repeated, for peak currents of 100 kA (the original value 
of the computation), 50 kA, and 25 kA (about the 
median of the statistics).  Table 4 shows the results of 
these computations.  It is interesting to note that as the 
applied stroke is decreased 4 to 1 (from 100 to 25), the 
total energy deposited in the varistors is decreased by a 
factor of 3200/610 = 5.2. This relative greater decrease 
is caused by the larger portion of the current exiting via 
the linear-path neutral, further relief for all the SPDs 
involved in the exit path. 
                                   

Table 4   Nonlinear effects on current sharing 
Branch circuit length and 

energy deposited into  
three 130-V MOVs 

10/350
stroke 
(kA) 

10 m 20 m 30 m 

Energy 
into 

service 
entrance 
150-MOV 

Total 
energy 
in the 
MOVs 

100 620 J 370 J 280 J 1930 J 3200 J 

50 329 J 215 J 179 J 700 J 1423 J 

25 170 J 120 J 90 J 230 J 610 J 



III.  DISCUSSION  
                                   
We have made all these computations based on 
postulating that the insulation levels are sufficient to 
prevent a flashover that would drastically affect the 
continuing energy deposition in the downstream SPDs. 
We have not included the limits of energy handling of 
the devices, which of course should be compared with 
computed deposited energy levels in a practical case.  
 
Another set of readings from the EMTP computations 
confirmed that the presence of SPDs at the critical 
points prevents such overvoltages from occurring (as 
long as the SPDs can carry the resulting currents) 
                                   
Not surprisingly, the results of the simulation confirm 
that the sharing of the lightning current occurs in 
inverse ratio of the resistances leading to the earthing 
electrodes after the initial phase of the 10/350 µs stroke.  
Likewise, one can expect that inductances will limit the 
current flow so that low-inductive paths, such as 
intended and opportunistic earth electrodes of the 
building itself, compared to the longer lines of the 
power supply, will carry a larger share of the total 
current during the initial phase of the current.  This 
effect is clearly visible on the IH of Figure 2, for the 
relatively slow rise time of 10 µs of a first stroke.  One 
may expect that for the subsequent strokes, or the 
flashes associated with triggered lightning experiments 
that have shorter rise times (Rakov et al., 2001) [21], 
this effect will be even more apparent. 
                                   
An important finding – predictable on a qualitative basis 
but heretofore not quantified for the case of a direct 
lightning flash to buildings containing electronic 
equipment – concerns the cascade coordination of built-
in SPDs in the equipment.  From the simple examples 
presented, it appears that a cascade of a robust service-
entrance SPD and a built-in SPD sized for limited 
energy-handling capability, according to the common-
wisdom practice, might well be a delusion.   
 
A solution to the difficult coordination could be to 
replace the all-MOV SPD at the service entrance with a 
combined series gap-varistor device (Mansoor et al., 
1998) [16].  Such a device would also alleviate the 
concerns about the temporary overvoltage problems 
associated with MOV-only SPDs.  Sparkover of the gap 
during the initial rise of the lightning current (when the 
coordination by means of the decoupling inductance 
occurs) will invite the remainder (continuing rise and 
tail) of the surge current exiting via SPDs to use the 
service entrance SPD rather than the simple and less 
robust built-in MOVs downstream. 
 
Last but not least, the practical question remains open 
on the need to provide surge protection against worst 
cases – the combined worst case of a direct flash to the 
building and the high-level 100 kA stroke, which is 
only at the 4% probability, according to the Berger et al. 
data [2] and even lower in the yet-anecdotal case of the 
Tampa Bay lightning storm [24]. The nonlinearity effect 
presented in II.3 adds further credibility to the overall 
need to make reasonable risk assessments of cost-
effectiveness before specifying high surge level 
requirements, both for the service entrance SPDs and 
for built-in SPDs in connected equipment. 
 

IV.  CONCLUSIONS 
 
1. When accepting the postulate that the reference 
parameter of a direct lightning flash to a building should 
be a 10/350 µs current with a peak of 100 kA, the 
numerical simulations performed for a simplified 
system with one surge- protective device installed at the 
service entrance, and one or more built-in SPD in 
downstream equipment indicate that the downstream 
SPD is very likely to be overstressed and fail, most 
likely catastrophically. 
2. There are several possible explanations for the 
apparent contradiction between a prediction of down-
stream equipment failures based on this postulated 
lightning parameters, and equipment field experience 
that does not report such frequent failures, although of 
course anecdotes abound.                                 
• The occurrence of a direct flash to a building can 

cause such extensive damage that a post-mortem for 
investigating the specifics of a prevailing ineffective 
coordination is not performed at that time and the 
issue is ignored. 

• Enough uncontrolled clearance flashovers occur in 
the installation to provide significant relief for any at-
risk SPDs incorporated in downstream equipment. 

• In an installation where many built-in or plug-in 
SPDs are present, the sharing illustrated by Figure 4, 
combined with a low probability of a 100 kA stroke, 
might reduce the stress on downstream devices to a 
value within their capability.  In particular, many 
commercial plug-in SPDs advertise capabilities of 
hundreds of joules, unlike the 20 joules of a single 
MOV, which might be provided at the input port of 
electronic equipment. 

• Insufficient field failure data have been obtained, 
compiled, shared, and published to enable realistic 
assessment of frequency and severity of occurrences 
involving an unsuccessful cascade coordination. 

                                   
3. It is impractical at this point to mandate high energy 
handling capability for built-in SPDs.  Such a move 
might meet with strong objections from manufacturers 
whose products have satisfactory field experience, and a 
risk analysis might show it to be not cost-effective. 
 
4.  Economic and political realities related to the type 
and mission of the installations to be protected should 
be kept in mind.  Clearly, mass-market applications 
such as cost-conscious consumers, in a framework of 
regulated or unregulated installations, are different from 
bottom-line-conscious industrial applications, and even 
more so in the case of national assets – be they cultural 
or military. 
 
5. Another approach for manufacturers might be to 
avoid placing low MCOV varistors at the input port of 
their equipment.  Rather, they should select an SPD 
with an MCOV and resulting surge-protective level as 
high as their equipment can inherently stand.  This is a 
“selfish” approach which is mentioned here half-
seriously, half-facetiously: there are enough low MCOV 
SPDs installed by users or included in other equipment 
in a typical system that those unfortunate low-MCOV 
devices will take up the stress, leaving unscathed the 
equipment wisely provided with high MCOV SPDs! 
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